Objectives: In Pseudomonas aeruginosa, bla VIM-2 has been mostly associated with a chromosomal location and rarely with a plasmid backbone. Until now, only three complete bla VIM-2 -carrying plasmid sequences have been described in this species. Here we explore the modular structure of pJB37, the first bla VIM-2 -carrying megaplasmid described in P. aeruginosa.
Introduction
Pseudomonas aeruginosa is a clinically important pathogen and a leading cause of nosocomial infections that are often difficult to treat due to its intrinsic and acquired resistance mechanisms to various antimicrobial agents, including carbapenems. [1] [2] [3] The carbapenem resistance observed in this species is frequently mediated by the production of carbapenemases, mainly MBLs, with VIM and IMP families being the most widespread. [1] [2] [3] The VIM-2 enzyme shows an endemic spread throughout Southern European and Southeast Asian countries and represents the most frequently reported MBL in P. aeruginosa. [1] [2] [3] In this species, bla VIM-2 is commonly linked to a chromosomal location and to class 1 integrons containing additional gene cassettes. [4] [5] [6] [7] This gene has rarely been associated with a plasmid location. 1, 8 Until now, only three complete bla VIM-2 -carrying plasmid sequences have been described in P. aeruginosa: pNOR-2000, pDCPR1 and pJB12. 9, 10, 11 These plasmids presented a small size (30 kb) and were unable to be transferred by conjugation. The majority of transmissible resistance plasmids identified in this species belong to the incompatibility group P-2.
12,13 IncP-2 plasmids are usually very large and single copy, have a limited host range and are among the most common plasmids encountered in clinical isolates of P. aeruginosa. 12, 13 Although these megaplasmids are ubiquitous in the environment, 12, 13 the only complete sequence reported so far in P. aeruginosa corresponds to pOZ176, a bla IMP-9 -carrying plasmid from China. 13 Interestingly, a bla DIM-2 -harbouring megaplasmid of unknown incompatibility group has also been reported in China in a Pseudomonas putida clinical isolate, 14 suggesting an important role of megaplasmids in the acquisition of carbapenemase genes.
Here we report the complete nucleotide sequence and the characterization of plasmid pJB37, which is, as far as we know, the first bla VIM-2 -carrying megaplasmid to be described in P. aeruginosa, and we characterize the different genetic elements that constitute its backbone.
Materials and methods

Bacterial isolate
Following a regular surveillance led by our laboratory for the screening of MBL producers among clinical isolates, three P. aeruginosa belonging to the high-risk clone ST253, presenting the same PFGE pattern and carrying the bla VIM-2 gene in an 450 kb plasmid (S1 nuclease PFGE-based sizing), were isolated in different years (2008 and 2010) from distinct inpatients attending the same hospital. WGS of one of these isolates (FFUP_PS_37) was performed. This carbapenem-resistant P. aeruginosa isolate was recovered in 2008 from bronchial secretions of a patient with a respiratory infection admitted to the General Internal Medicine unit of a Portuguese hospital. FFUP_PS_37 was initially identified using the VITEK-2 system (bioMérieux) and species was confirmed by multilocus sequence analysis (rpoD, gyrB and 16S rRNA genes). 15 Antimicrobial susceptibility testing was conducted by standard disc diffusion, Etest (carbapenems) and broth microdilution (colistin) methods, according to the EUCAST guidelines (http://www. eucast.org/).
Genome sequencing and plasmid analysis
Total DNA from the FFUP_PS_37 P. aeruginosa isolate was extracted using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Sequencing was accomplished with a HiSeq (Illumina) sequencer, with coverage of %100. The quality of the high-throughput sequence data was assessed by FastQC. De novo assembly of the paired-end reads was performed using SPAdes v. 3.9.0. 16 The quality of genome assembly was evaluated with QUAST (http:// quast.bioinf.spbau.ru/) and ResFinder (https://cge.cbs.dtu.dk/services/ ResFinder/) was applied for identification of acquired antimicrobial resistance genes. Virulence genes were inspected using the Virulence Factor Database (http://www.mgc.ac.cn/VFs/main.htm) and the VRprofile web-based tool (http://bioinfo-mml.sjtu.edu.cn/VRprofile/ index.php). Putative plasmid contigs were analysed and re-assembled to form a single megaplasmid using Geneious v. 9.1.6. Primer design and PCR mapping were conducted to confirm that the contigs formed a single megaplasmid. Automatic annotation was conducted using the RAST server (http://rast.nmpdr.org/). Annotations were manually curated using BLASTn and BLASTp searches.
Conjugation assays were conducted as previously described, 5 using a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1 as recipient strain. Transconjugant selection was performed using Mueller-Hinton agar plates containing rifampicin (100 mg/L) and imipenem (4 mg/L). Twitching motility assays were performed for the donor, recipient and transconjugant strains as previously described. 17 PCR mapping, screening for the pJB37-like repA gene (rep_JB37_Fw: CGTTCTTCTCGCTTGCCAAG; rep_ JB37_Rv: TACAGCCAGCGTTCGATACC) and Sanger sequencing were performed for the remaining isolates that belonged to ST253 and presented the bla VIM-2 gene in an 450 kb plasmid.
Nucleotide sequence accession number
The complete sequence of plasmid pJB37 has been submitted to GenBank under the accession number KY494864.
Results and discussion
Main features of the FFUP_PS_37 isolate and the pJB37 plasmid
The FFUP_PS_37 P. aeruginosa clinical isolate showed resistance to imipenem, meropenem, ceftazidime, cefepime, aztreonam, piperacillin / tazobactam, gentamicin, tobramycin, amikacin and netilmicin and remained susceptible to ciprofloxacin and colistin (MIC 0.25 mg/L), which is consistent with an XDR phenotype.
18
FFUP_PS_37 belonged to ST253, one of the five high-risk clones frequently identified in P. aeruginosa. 19 Besides its clinical relevance, ST253 was also linked to different environmental, animal and nonclinical settings. 20, 21 Consequently, this wide dispersion throughout intimately connected ecological niches certainly potentiates the risk of causing human infections.
The complete plasmid sequence of pJB37 was 464804 bp long, containing 588 ORFs and presenting a GC content of 57.2% ( Figure 1 ). The modular structure of plasmid pJB37 comprises: (i) the IncP-2 repA-oriV-parAB region; (ii) the conjugative transfer region; (iii) Tn6356, a new putative bla VIM-2 -carrying transposon; (iv) heavy metal (mercury and tellurite) resistance operons; and (v) virulence genes (Figures 1 and 2 ).
Scaffold of plasmid pJB37 and its basic features
Plasmid pJB37 was highly related to bla IMP-9 -harbouring IncP-2 plasmid pOZ176 isolated in China (85% query cover and 99% nucleotide similarity) (accession number KC543497.1) (Figure 1 ). 13 Also, 77% and 78% query cover and 99% and 98% nucleotide similarities were observed when comparing with megaplasmid pRBL16 from an oestrogen-degrading Pseudomonas citronellolis isolate and bla IMP-45 -carrying megaplasmid pBM413 from P. aeruginosa (accession numbers NZ_CP015879.1 and CP016215.1, respectively), both from China ( Figure 1) .
The putative replicase protein shared 91% homology with the one from pOZ176 (accession number AGL46263.1). Interestingly, PCR mapping and Sanger sequencing unveiled the same replicase gene and the same backbone of plasmid pJB37 among the remaining 450 kb bla VIM-2 -carrying plasmids from our P. aeruginosa collection. The 64 bp origin of replication (bp 391538-391590), comprising three copies of iterons (TCGTGCTATCAGGAGTA), was similar to the one found in pOZ176. 13 Comparative analysis of the transfer region of pJB37 (traF, traG, virD2 and trbBCDEJLFGI genes) revealed that it was quite similar to the one found in pOZ176 (encoded proteins exhibit a similarity ranging from 76% for TraF to 95% for TrbF). Conjugal transfer of plasmid pJB37 to a spontaneous rifampicin-resistant mutant of P. aeruginosa PAO1 was successful. Screening for bla VIM by PCR gave positive results for the transconjugant, here named P. aeruginosa PAO1(pJB37), which exhibited an MIC value of 16 mg/L for both imipenem and meropenem. The MIC values for the donor strain were . 32 mg/L for both imipenem and meropenem, while for the receptor strain the value dropped to 1 and 0.5 mg/L for imipenem and meropenem, respectively. Conjugal transfer of pOZ176 was successful when using P. aeruginosa NCTC 50814 as recipient, but not when Escherichia coli UB1637/R was used. 13 Altogether, these findings may reveal adaptation of IncP-2 plasmids to P. aeruginosa, confirming its narrow host range nature.
Botelho et al. Figure 1 . Genetic organization of the pJB37 megaplasmid and comparison with similar plasmid backbones. Coding sequences from pJB37 are represented by blue arrowheads in the outermost circles, comprising both the forward and reverse frames. Homology regions are represented in red for the bla IMP-9 -harbouring pOZ176 plasmid from P. aeruginosa, green for the pRBL16 plasmid from an oestrogen-degrading P. citronellolis isolate and blue for bla IMP-45 -carrying megaplasmid pBM413 from P. aeruginosa. The black circle illustrates G ! C skew. The innermost circle indicates the scale. Labels 1-7 highlight the modular structure of pJB37: 1, Tn5041-like mercury resistance transposon, disrupted by the insertion of a Tn4661-like transposon and a mer operon; 2, Tn6356, a novel bla VIM-2 -harbouring transposon; 3, ter (tellurite resistance) operon; 4, pil (pili) operon; 5, che (chemotaxis) operon; 6, IncP-2 tra-parBA-oriV-repA region; and 7, conjugative transfer region. Labels 1, 2, 6 and 7 represent regions of pJB37 with weak or no similarity with the remaining plasmids. The genome map was created using CGview software. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC. Complete nucleotide sequence of bla VIM-2 -carrying megaplasmid JAC Plasmid maintenance regions of IncP-2 plasmids are frequently found in the genome of several clinical and environmental species. 12 In fact, two portions of the pJB37 plasmid scaffold (the IncP-2 repA-oriV-parAB region and the conjugative transfer region) were encountered in the chromosome of Delftia tsuruhatensis strain CM13, P. putida strain IEC33019 and P. aeruginosa strain Carb0163, and in the backbone of Klebsiella pneumoniae strain Kp29642964TF and Enterobacter cloacae complex sp. 35734 p35734-141.404 kb plasmids (accession numbers CP017420.1, CP016634.1, CP011317.1, KT935446.1 and CP010360.2, respectively). The GC content of these portions (67.1% and 63.2%, respectively) (Figure 1 ) was different from that observed for the megaplasmid (57.2%) and similar to the 65.2% GC content of the FFUP_PS_37 host genome. In silico analysis revealed that these portions shared a similar GC content to pOZ176 (66.9% and 66.7%, respectively). These findings may reveal an important contribution of different plasmid backbones for the assembly process of IncP-2 plasmids.
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Plasmid pJB37 also carried an arsenal of virulence factors, such as twitching motility proteins PilT and PilG, type IV fimbrial assembly ATPase PilB and a chemotaxis (che) operon (Figure 1) . pilB, pilG and pilT genes are involved in several traits, such as the biogenesis and mechanical function of type IV pili (T4P), twitching motility and biofilm formation. 22 The che operon is required for flagellamediated chemotaxis in P. aeruginosa and is similar to the Pil-Chp system. 13, 22 This system is also involved in the regulation of intracellular levels of cyclic AMP (cAMP), a messenger that activates Vfr. 22 Vfr is a cAMP-binding protein that plays a vital role in several virulence traits, such as the expression of T4P. 22 This regulator was identified on pJB37 and the chromosome of FFUP_PS_37. The Vfr copy from the chromosome presented 100% amino acid identity with the one from PAO1, the reference genome. Interestingly, the amino acid sequence of the regulator copy identified on the megaplasmid was not the same. Non-silent mutations of the vfr gene have previously been associated with impairment in pili biogenesis or function. 21 Comparative analysis of the conserved domains of both Vfr copies revealed different ligand-binding sites and different flexible hinge regions.
In this study, motility assays using P. aeruginosa PAO1 as control revealed that the FFUP_PS_37 strain did not demonstrate T4P-mediated twitching motility. The twitch zone observed on P. aeruginosa PAO1(pJB37) was smaller than the one for the PAO1 strain. This suggests that the acquisition by PAO1 of the mutant vfr encoded by pJB37 resulted in a twitching motility reduction, probably due to a higher affinity of the mutant for the ligand-binding sites. Motile P. aeruginosa exhibit a more virulent phenotype and lead to the activation of the host immune system responses. In fact, T4P is relevant in the acute phase of infection but is frequently down-regulated in chronic infections. 22 Consequently, acquisition of the megaplasmid may comprise an adaptation to a sessile lifestyle, helping bacteria to evade hostile conditions. 22 The peculiar structure of Tn6356 harbouring the bla VIM-2 gene
In the novel pJB37 plasmid, described here, the bla VIM-2 gene was associated with an In58 class 1 integron, a genetic platform that carries three aminoglycoside resistance genes (aacA7, aacA4 and aacC1) and which was previously identified among P. aeruginosa, P. putida and Citrobacter freundii isolates in different countries. 6, 7, 23 The In58 integron structure was derived from the In4 lineage, which typically comprises orf5 and/or orf6 genes downstream from the Tn402-like transposon, as well as a partial copy of IS6100 attached to a full copy of the same IS. 24 However, in the present study the In4-like integron lacked the partial copy of the insertion sequence (Figure 2 ). This observation has been reported elsewhere. 13, 25, 26 Due to the known genetic rearrangement ability of this IS, 26, 27 an additional recombination potential can be expected for an In58 integron.
Here, In58 was associated with a novel transposon structure, flanked by 38 bp IRs of Tn3-like transposons. This atypical element was composed of three blocks: (i) a DrepA-parA-resA segment; (ii) the In4-like structure; and (iii) a DtnpR-orfABCD module similar to the one identified in the Tn1403 transposon (Figure 2) . 28 The DrepA-parA-resA segment was 99% similar to the one identified in plasmids pAB5S9 and pAB5S9b from Aeromonas salmonicida subsp. salmonicida (accession numbers ABQ41438.1 and AIM49713.1, respectively). The replicase protein, truncated due to the insertion of an ancestral mobile element, exhibited 100% homology with the replicases of unknown incompatibility group found in these plasmids. 29 The putative transposon displayed a hybrid construction, which might have resulted from site-specific and/or homologous recombination events that took place before and/or after insertion. The insertion of this putative transposon in plasmid pJB37 disrupted a gene coding for a regulator of protease activity, HflC (Figure 2) . Here, a 6 bp target site duplication (5 0 -TTCATT-3 0 ) was found surrounding the IRs of the transposon, suggesting that an insertion event mediated the en bloc insertion of the regions comprising this atypical element (Figure 2 ). This novel and complex transposable element was designated here as Tn6356 (http://www.ucl.ac.uk/eastman/research/departments/mi crobial-diseases/tn), according to the criteria proposed by Roberts et al. 30 Future studies are warranted to investigate the events that mediated the acquisition of Tn6356.
Conclusions
In this work we present the complete sequence of pJB37, an IncP-2 megaplasmid associated with a bla VIM-2 -harbouring In58 integron from a P. aeruginosa clinical isolate belonging to the wellrecognized ST253 high-risk clone. In58 was most likely acquired by insertion of Tn6356, the putative hybrid transposon now described. The mosaic structure exhibited by the pJB37 megaplasmid, which highlights the vast assembly potential of distinct genetic elements in a Pseudomonas widespread plasmid platform, helps to shed new light on bacterial adaptation and evolution.
